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Multiphysics modeling of laser-assisted bioprinting:
from plasma formation to jet dynamics
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This study presents a comprehensive multiphysics model of laser-assisted bioprinting (LAB), integrating the complex physical phenomena
occurring across multiple time and length scales. Our model encompasses the laser-matter interaction, plasma formation, cavitation bubbl
dynamics, and fluid mechanics of jet formation. We employ a finite element approach with adaptive mesh refinement to resolve the multiscale
nature of the process, from femtosecond laser pulse absorption to millisecond-scale jet evolution. The model accurately captures the non
linear absorption mechanisms, including multiphoton ionization and avalanche ionization, leading to plasma formation with electron densities
exceeding 18 cm~> and temperatures reaching 5000 K. The subsequent bubble dynamics are modeled using a modified Rayleigh-Plesset
equation, accounting for the non-Newtonian properties of the bioink. Our simulations reveal a maximum bubble radius ahdTollapse

time of 4.2us, in excellent agreement with experimental observations. The jet formation phase is characterized by a maximum height of

46 pm and initial velocity of 30 m/s, with distinct acceleration, deceleration, and retraction phases. The model elucidates the complex energy
transfer cascade from the initial laser pulse to the final jet formation, with approximé&ftedy the initial laser energy ultimately contributing

to jet kinetics. This work provides fundamental insights into the physical mechanisms governing laser-assisted bioprinting and establishes
a computational framework for understanding the process dynamics, offering a foundation for future advancements in high-precision tissue
engineering applications.

Keywords: Laser-assisted bioprinting; femtosecond laser; plasma generation; cavitation bubble dynamics; multiphysics modeling; compu-
tational fluid dynamics; tissue engineering.
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1. Introduction and jet characteristics. Patrasciaitial. [2] further elu-
cidated the bubble dynamics and their influence on mate-
Laser-assisted bioprinting (LAB) has emerged as a promisfial transfer. Vogelet al. [3] investigated the plasma for-
ing technology for fabricating complex three-dimensional bi-mation mechanisms and subsequent energy conversion pro-
ological constructs with high precision and resolution. Thiscesses. While these experimental investigations have sig-
technique enables the controlled deposition of living cellshificantly advanced our understanding, they are limited by
and biomaterials with micrometer accuracy, offering un-the challenges of directly observing ultrafast phenomena and
precedented capabilities for tissue engineering, regenerativeeasuring key parameters such as temperature, pressure, and
medicine, and drug discovery applications. Despite its signifshear stress distributions.
icant potential, the underlying physical mechanisms govern-  Computational modeling offers a complementary ap-
ing LAB remain incompletely understood, limiting the ability proach to overcome these limitations by providing detailed
to fully control and optimize the process. spatiotemporal information about otherwise inaccessible pa-
The LAB process involves a complex cascade of physfameters. Several modeling efforts have been reported in the
ical phenomena occurring across multiple time and lengthiterature, each focusing on specific aspects of the LAB pro-
scales. Initially, a focused laser pulse interacts with an abeess. Browret al. [4] developed a model for laser-induced
sorbing layer, leading to rapid energy deposition and plasméprward transfer (LIFT) of metals, focusing on the thermal
formation within femtoseconds to picoseconds. This is fol-aspects. Mzelet al. [5] extended this approach to include
lowed by the expansion and collapse of a cavitation bubplasma formation dynamics. Duocastediaal. [6] modeled
ble over microseconds, ultimately resulting in the formationthe bubble expansion and jet formation for Newtonian flu-
and propagation of a bioink jet that transfers material to @ds. However, these models typically address only isolated
receiving substrate over milliseconds. Each of these stagekspects of the process and often employ simplifying assump-
involves distinct physical mechanisms, including non-lineartions that limit their applicability to bioprinting scenarios in-
optics, plasma physics, thermodynamics, and fluid mecharvolving complex non-Newtonian bioinks and living cells.

ics, necessitating a multiphysics modeling approach. The present study aims to address these limitations by de-
Previous experimental studies have provided valuable inveloping a comprehensive multiphysics model that integrates
sights into the LAB process. Guillemet al. [1] conducted all key physical phenomena involved in LAB. Our model en-
pioneering work on time-resolved imaging of the jet forma-compasses: Laser-matter interaction and plasma formation,
tion process, revealing the relationship between laser energccounting for multiphoton and avalanche ionization mecha-
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nisms; plasma expansion and energy transfer to the surroundthere Wp;(I) is the photoionization ratey is the initial

ing medium; cavitation bubble dynamics, incorporating thedensity of neutral atomdy/; is the ionization energy, ang

non-Newtonian rheology of bioinks; and jet formation andis the recombination rate. The photoionization rate can be

propagation, including surface tension and viscous effects calculated using the Keldysh theory [8], which accounts for
By integrating these phenomena within a unified compu-both multiphoton ionization and tunneling ionization depend-

tational framework, we seek to elucidate the complex physing on the Keldysh parameter.

ical mechanisms governing LAB and establish quantitative = The energy absorbed by the plasma is converted into ther-

relationships between process parameters and printing outaal energy, leading to a rapid temperature increase described

comes. The model employs adaptive mesh refinement tecly the heat transfer equation [9]:

nigues to efficiently resolve the multiscale nature of the pro- oT

cess, from nanometer-scale plasma formation to millimeter- pCp—r

scale jet propagation. ot
We validate our model against experimental data fromwherep is the densityC,, is the specific heat capacity, is

the literature, demonstrating its ability to accurately predictthe temperaturet is the thermal conductivity, an@.s.., is

key process characteristics such as bubble expansion dynamhe heat source term due to laser absorption, given by [7]:

ics, jet velocity, and droplet size. The validated model pro-

vides insights into the energy transfer cascade throughout Quaser = (1) - I 5)

the process, revealing how the initial laser energy is parti- o ]

tioned among various physical mechanisms and ultimately?-2- Cavitation bubble dynamics

contributes to the kinetic energy of the bioink jet. The rapid energy deposition and temperature increase lead

This work contributes to the fundamental understanding[ . o
: L : . the formation of a cavitation bubble. The temporal evolu-
of laser-assisted bioprinting and establishes a computation W

framework for investigating the process dynamics. The in-i?gszfetth; tﬁgf [rf(;j][us R can be described by the Rayleigh-
sights gained from this study lay the groundwork for future g '

advancements in high-precision tissue engineering applica- . 3. 4R 20

. ; ) . 2) _

tions, offering a physics-based approach to understanding P <RR+ 53 ) = (Pb — Poo) — R R (6)
and controlling the complex LAB process.

=V- (kJVT) + Qlasem (4)

wherep is the fluid densityp,, is the pressure inside the bub-
ble, p, is the ambient pressurg,is the dynamic viscosity,
ando is the surface tension.

The pressure inside the bubble can be modeled as [10]:

2. Theoretical framework and mathematical
formulation

2.1. Laser-matter interaction and plasma generation Ry \ "
. . Db = Py + Py (R> ) (7)

The interaction between femtosecond laser pulses and trans-

parent bioink involves_nonlinear absorpt?on mechanisms thé\’vherep,, is the vapor pressure, is the initial gas pressure,

lead to plasma formation. The propagation of the laser beary:lo is the initial bubble radius, and is the polytropic expo-

intensity | through the medium can be described by [3]: nent of the gas.

oI The energy of the bubble at maximum expansion is re-
92 —a(l)- 1, (1) lated to the mechanical energy converted from the absorbed

wherez is the spatial coordinate in the direction of laser prop-Iaser energy (3]

agation andy([) is the intensity-dependent absorption coef- A .

ficient. Ebubble = ?anam “(Pb = Poo), (8)
For femtosecond laser pulses, the absorption coefficient hereR is th . bubble radi

includes contributions from multiphoton absorption and free-V'€/tmaz 1 the maximum bubble radius.

electron absorption [7]:

o) =Bk - I" "'+ o n, () . . o o
The motion of the bioink during jet formation is governed
where Sk is the K-photon absorption coefficienfs is the by the Navier-Stokes equations modified for non-Newtonian
number of photons required for ionization, is the cross- fluids [11]:
section for inverse Bremsstrahlung absorption, ands the

2.3. Bioink fluid dynamics

free-electron density. p (av +v- Vv) =—-Vp
The temporal evolution of the free-electron density is ot

governed by {71 +V - () (Vv + V)] + p, (©)
One o-1

= Wpi(I) - (no —ne) +

"Ne =7 Ne, (3) V'VZO7 (10)

ot U;
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wherew is the velocity vectorp is the pressurep(¥) is the
shear-rate-dependent viscosHyjs the shear rate, angis
the gravitational acceleration.

3. Model coupling

The coupling between the different physical phenomena is

The rheological behavior of bioinks can be modeled us-Established through energy transfer and boundary conditions.

ing the Carreau-Yasuda model [12]:

n—1

N(F) = Moo + (M0 — Noo)[1 + (M) @,

(11)

wherer, is the zero-shear viscosity,, is the infinite-shear
viscosity, A is a characteristic timey is the flow behavior
index, andu is a transition parameter.

To track the interface between the bioink and air dur-
ing jet formation, we employ the Volume of Fluid (VOF)

method [13]:

oF

= .VF = 12
o +v-V 0, (12)

whereF' is the volume fraction of bioinki{' = 1 for bioink,
F =0 for air).

The energy deposited by the laser is converted into plasma
energy, which is then partially converted into mechanical en-
ergy of the cavitation bubble [3]:
Emechanical = Tlconversion * Elaserm7 (17)
wheren.onversion 1S the energy conversion efficiency.
The mechanical energy of the bubble is subsequently
transferred to the kinetic energy of the jet [17]:

E;

et = Tlbubble—jet * Epubble, (18)

where nuubble—jet IS the efficiency of energy transfer from
bubble to jet.

The surface tension force at the interface is modeledi, Computational domain and simulation pa-

as [14]:
F, = okdsn,

(13)

wherex is the interface curvaturé, is the Dirac delta func-
tion localized at the interface, amdis the unit normal vector
to the interface.

2.4. Optical effects

rameters

The computational domain for our multiphysics simulation
is illustrated in Fig. 1, which shows the axisymmetric cylin-
drical geometry used to model the laser-assisted bioprinting
process.

The domain is divided into three main regions: an air
layer at the top, a bioink layer in the middle, and a receiving
substrate at the bottom. The laser beam enters from the top of

The spatigl distribution of the laser intensity for a Gaussianthe domain and is focused at a point within the bioink layer,
beam is given by [15]: typically 100.:m below the air-bioink interface. The domain
dimensions are chosen to be sufficiently large to avoid bound-

2 2
I(r,z,t) = 10&2 exp (_27”2) ary_effects while maint_aining co_mputational_ efficiency. The
w(z) w(z) radial extent of 50Qum is approximately 33 times the beam
(t — to)? waist radius, ensuring that the laser intensity at the lateral
X exp <—41H(2)2) : (14)  boundaries is negligible. The axial extent of 10a® pro-
p

vides adequate space for modeling the complete process from

wherel, is the peak intensityy, is the beam waist radius at 'aSer absorption to jet propagation.
the focal pointw(z) = wo+/(1 + (z — 29)2/2%) is the beam
radius at position, zr = 7w?2/\ is the Rayleigh length,
is the focal positiont, is the time of peak intensity, angl is
the pulse duration (FWHM).

The threshold intensity for optical breakdown in transpar-
ent media depends on the pulse duration according to [3]:

e

Spherical aberration, which affects the focusing quality,
can be modeled by [16]:

Computational Domain for Laser-Assisted Bioprinting Simulation

Air Layer

Tp

100 fs

Tihreshold= 2.9 X 10" Wien? x ( (15)

Axial Position z (um)
Height: 1000 ym

Receiving Substrate

W(p) = Asp4» (16)

Width: 500 pm

Radial Position r (um)

whereW (p) is the wavefront aberration, as is the spherical
aberration coefficient, andis the normalized radial coordi-
nate in the pupil.

FIGURE 1. Computational domain for laser assisted bioprinting
simulation.
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TABLE |. Physical and optical parameters for laser-assisted bioprinting simulation.

Category Parameter Value Unit
Laser Parameters
Wavelength §) 1030 nm
Pulse durationi,) 600 fs
Pulse energyk) 5 4d
Beam waist radiusifo) 15 um
Numerical aperture (NA) 0.45 -
Temporal profile Gaussian -
Bioink Properties
Density (o) 1050 kg/nt
Zero-shear viscosityn) 100 Pas
Infinite-shear viscosityr(~) 0.1 Pas
Characteristic timeX) 10 S
Flow behavior indexs) 0.4 -
Surface tensiono) 50 mN/m
Contact angle with substrate 60 °
Thermal & Optical Properties
Thermal conductivity k) 0.45 W/(mK)
Specific heat capacityl(,) 3800 J/(kgK)
Thermal expansion coefficiens) 3.0x107* K1
Refractive index) 1.33 -
Linear absorption coefficientq) 0.1 et
5-photon absorption coefficiensy) 1.0 x 10759 cm’/w*
Free-electron absorption cross-sectioh ( 1.0 x 10718 cm?
Plasma Properties
lonization energy(;) 6.5 eV
Neutral atom densityr{y) 3.3 x 10?2 cm3
Recombination ratey) 1.0 x 10*2 st
Energy conversion efficiencyionversion 0.3 -

An adaptive mesh refinement strategy is employed to reheat-affected zone and greater precision in energy deposi-
solve the multiscale nature of the problem efficiently. Astion compared to longer pulses (nanosecond, picosecond),
shown in Fig. 1, a fine mesh with Am resolution is used which is crucial for minimizing potential thermal damage to
in the vicinity of the laser focal point, where steep gradientssensitive cells and biomaterials [19,20]. This regime allows
in electron density and temperature occur. An intermediatéocusing on the fundamental physical processes where non-
mesh with 5um resolution covers the region where the bub-thermal effects, such as multiphoton ionization, dominate the
ble and jet are expected to form, while a coarser mesh is useditial laser-matter interaction [21]. While nanosecond and
elsewhere. picosecond lasers are also employed in LAB, they tend to in-

Table | summarizes the key physical and optical paramduce more pronounced thermal effects which can influence
eters employed in the multiphysics model of laser-assiste§n€rgy absorption, bubble dynamics, and potentially cell vi-
bioprinting. This includes laser beam characteristics, rheo@bility differently [22]. A comparative discussion of these
logical and interfacial properties of the bioink, thermal andr€gimes is provided in Sec. 5.7.

optical constants, as well as fundamental plasma parameters. The pioink properties represent a typical cell-laden hy-
These parameters are based on experimental values reporig@ge| with shear-thinning behavior, characterized by a zero-
in the literature (Koctet al. [18]; Guillemotet al., [1]). shear viscosity of 100 Paand a flow behavior index of 0.4.
The laser parameters correspond to a typical femtosecorithe thermal and optical properties are based on water, which
laser system used for bioprinting applications, with a waveis the primary component of most bioinks, with modifica-
length of 1030 nm, pulse duration of 600 fs, and pulse energtions to account for the presence of biomolecules and cells.
of 5 uJ. The choice of the femtosecond regime was motivated he simulation spans multiple time scales, from femtosec-
by several advantages reported for LAB, notably a reducednds for the initial laser-matter interaction to milliseconds

Rev. Mex. Fis71061502



MULTIPHYSICS MODELING OF LASER-ASSISTED BIOPRINTING: FROM PLASMA FORMATION TO JET DYNAMICS 5

for the complete jet formation and propagation. Different = S ——
time steps are used for each phase of the simulation to bal-
ance accuracy and computational efficiency. The initial phase
(plasma generation) uses a 10 fs time step for a total duratior *
of 1 ps, the intermediate phase (bubble formation) uses a 1
ns time step for a total duration of 1%, and the final phase
(jet formation) uses a js time step for a total duration of 1
ms. The boundary conditions for the electromagnetic field in-
clude a laser beam input at the top boundary, perfect absorps.,
tion at the bottom and lateral boundaries, and axial symmetry
along the central axis. For fluid dynamics, the boundary con-
ditions include atmospheric pressure at the top boundary, no-
slip condition at the bottom boundary, open boundary at the
lateral boundary, and axial symmetry along the central axis.
The bioink-air interface is modeled with continuity of normal
and tangential stresses, including surface tension effects.
This comprehensive set of simulation parameters andriGurE 3. 2D visualization of free electron density distribution.
boundary conditions, combined with the multiphysics model
described in the previous sections, enables the accurate pre- The electron density exhibits a characteristic asymmetric
diction of the complete laser-assisted bioprinting processprofile, with a more gradual decrease along the laser propa-
from the initial laser-matter interaction to the final jet for- gation direction compared to the radial direction. This asym-

I Position r (um)
Normalized Electron Density

0.00

300 350 400 500
Axial Position z (um)

mation and material deposition. metry arises from the combined effects of beam focusing and
nonlinear absorption, which lead to a plasma shape that ex-
5. Results tends beyond the focal point. The maximum electron density

occurs slightly before the geometric focal point due to plasma
defocusing effects, a phenomenon also observed experimen-
. . . . tally by Vogelet al. [3]. Figure 3 provides an 2D view of the
lThe mult_|pth)(/j3|tc):§ mo?ellngL:I; Iaser—gleneratetlj plaﬁmq II lectron density distribution, highlighting the spatial extent
aser-assisted bioprinting ( ) reveals complex physica ?f the plasma formation from a different perspective.

phenomena occurring at different time scales. Our mode Co L
. This visualization clearly demonstrates how the plasma
successfully captures the key aspects of the laser-matter ir- : o . : :
confined primarily to the focal region, with the highest

. . : ; . . i
teraction, mclt_Jdmg nonlinear absorption mechanisms an%soncentration (approximately ¥m-3) directly at the fo-
plasma formation.

cal point. This value is consistent with the findings of Koch
et al. [18], who reported electron densities in the range of
10?1-10%2 m—3 for nanosecond laser pulses with wavelengths
between 355 nm and 1064 nm. The multiphoton absorption
rocess dominates the initial phase of plasma generation, as

5.1. Laser-matter interaction and plasma generation

5.1.1. Free electron density evolution

The spatial distribution of free electron density is visualized
in Fig. 2, which presents a three-dimensional representatioR
of the electron density distribution around the focal point.

evidenced by the nonlinear relationship between laser inten-
sity and electron density. This observation aligns with the
3D Visualization of Free Electron Density Distibution work of Duocastelleet al. [6], who identified multiphoton

—=- Focal Point

ionization as the primary mechanism for plasma formation in
transparent materials irradiated with ultrashort laser pulses.

5.1.2. Temperature distribution

Figure 4 presents the three-dimensional visualization of the
plasma temperature distribution resulting from the energy de-
position.

The temperature profile closely follows the electron den-
o sity distribution but exhibits some differences due to ther-
mal diffusion effects. The maximum temperature of approxi-
mately 5000 K occurs at the focal point, which is sufficient to
induce rapid vaporization of the surrounding medium, lead-
ing to bubble formation. Similar temperature ranges (3000-
6000 K) have been reported by Vogalal. [3] for plasma-
FIGURE 2. Spatial distribution of free electron density. mediated ablation in water using nanosecond laser pulses.

fa1suaQ U0 PAZIBUION

Normalized Electron Density
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3D Visualization of Plasma Temperature Distribution Shock Wave Pressure Profile Evolution
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FIGURE 6. Evolution of shock wave pressure profiles at different
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FIGURE 4. Three-dimensional visualization of the plasma temper-
ature distribution.
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FIGURE 7. 2D visualization of the shock wave propagation at
t=1.0ns.
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5.2. Shock wave generation and propagation
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The rapid energy deposition during plasma formation leads
FIGURE 5. Two-dimensional contour plot of the temperature dis- to the generation of strong shock waves, which play a criti-
tribution. cal role in the subsequent bubble dynamics and jet formation

processes. Figures 6 and 7 present a comprehensive visu-

Figure 5 shows a complementary two-dimensional contougjization of shock wave generation and propagation in the
plot of the temperature distribution, which provides a cleareljzger-assisted bioprinting process.

view of the temperature gradients.

The temperature gradient is steepest along the radial d5 2 1.  Temporal evolution of shock wave pressure profiles
rection, with a more gradual decrease along the laser prop-
agation direction. This asymmetric temperature distributiorFigure 6 illustrates the evolution of shock wave pressure pro-
influences the subsequent bubble dynamics and jet formatidiles at different time points following the initial laser pulse.
processes. The thermal relaxation time in our model is orThe pressure profiles exhibit several key characteristics that
the order of microseconds, which is consistent with experiare fundamental to understanding the energy transfer mecha-
mental observations by Mohajat al. [23] for plasma-free  nisms in LAB: At¢ = 0.1 ns, the shock wave is confined to
bubble cavitation. A quantitative analysis of the temperature region close to the plasma (within approximately;a0),
profile reveals that the full width at half maximum (FWHM) with peak pressures reaching 100 MPa. This extreme pres-
of the temperature distribution is approximately i inthe  sure gradient is a direct consequence of the rapid plasma
radial direction and 3@m in the axial direction. This asym- expansion following laser-induced optical breakdown. The
metry in the temperature distribution is a direct consequencpressure magnitude aligns with experimental measurements
of the laser beam geometry and the nonlinear absorption prdsy Vogel et al. [3], who reported initial shock wave pres-
cess. The temperature decreases to ambient levels (293 Kjires of 50-150 MPa for similar laser parameters using hy-
within approximately 5Qum from the focal point, indicating drophone measurements. As the shock wave propagates out-
the highly localized nature of the energy deposition. ward ¢ = 0.5 — 5.0 ns), two important phenomena can be

Rev. Mex. Fis71061502



MULTIPHYSICS MODELING OF LASER-ASSISTED BIOPRINTING: FROM PLASMA FORMATION TO JET DYNAMICS 7

Temporal Evolution of Cavitation Bubble Radius

observed: (1) the pressure amplitude decreases accordingt = T ez 2 o]

an approximately(—1-5) relationship, consistent with spher- ” Collapse Time: 2 s
ical wave propagation in a dissipative medium, and (2) the
shock front, marked by the vertical dashed lines, propagates
at a velocity that decreases from approximately 2250 m/s ini-
tially to 1650 m/s at = 5 ns. This velocity exceeds the 10
speed of sound in water (1480 m/s) during the early stages,

confirming the supersonic nature of the initial propagation. «» * = * 7 .0, T
The pressure decay with distance follows a relationship that = Temporal Evolution of Bubble Wall Velocly
can be approximated by [24]:

P(r.t) = Py (%0)0“ exp (—““) . Q9

rshock(t) —To

w
8

Bubble Radius (um)
N
5

Oscillation Period: 8.5 ps

pansion Phase

a Jn Velocity: 1.0 m/s

Rebound Oscillations

Collapse Phase

Maximum Collapse Velocity: 50.0 m/s

Bubble Wall Velocity (m/s)

where R is the initial pressure at the plasma boundagy, (r
« is the decay exponent (approximately 1.5 for our condi- b o0 s 5 B W T o 200
tions), and i,k (¢) is the position of the shock front at time

t. This semi-empirical relationship, derived from our numer- FIGURE 8. a) Temporal evolution of the bubble radius and b) tem-
ical simulations, agrees well with experimental observationg?oral evolution of the wall velocity.

by Noacket al. [25] for laser-induced shock waves in water.

Our model predicts a maximum bubble radius of approx-
imately 45um for the given laser parametersy3 pulse en-
ergy, 600 fs pulse duration). This value falls within the range
Figure 7 provides a 2D visualization of the shock wave propJeported by Patrascioiet al. [2], who observed bubble radii
agation att = 1.0 ns, revealing the spatial structure of the between 30 and 10Qm for similar laser energies in their
pressure field. Several important features are evident: time-resolved imaging study of laser-induced forward trans-

The shock wave exhibits nearly perfect spherical symmefer. The calculated collapse time of 4.2 agrees well with
try, radiating outward from the plasma region. This sym-€xperimental measurements by Mohagaral. [23], who re-
metry is maintained due to the homogeneous nature of thBOrted collapse times between 3 andssfor bubbles of sim-
surrounding medium and the spherical plasma formation afar size. The bubble wall velocity reaches a maximum of
the laser focal point. The shock front, marked by the white2PProximately 50 m/s during the collapse phase, which is
dashed circle, represents a sharp pressure discontinuity whef@nsistent with the findings of Patrascicet al. [2], who
the pressure gradient is maximum. The thickness of this fronf1€asured velocities up to 80 m/s for slightly larger bubbles.
is approximately 1-:m, which is consistent with the mean The oscillation period of the bubble is approximately 8.5
free path of molecules in water under these extreme condiS: which is in line with the theoretical prediction based on
tions. Following the shock front, a rarefaction (tension) waveth® Rayleigh collapse time. A detailed analysis of Fig. 8b)
develops, where the pressure drops below the ambient levéveals several important features of the bubble dynamics.
This negative pressure region plays a crucial role in the subFirst, the expansion phase is characterized by a gradually de-
sequent cavitation process, as it can induce tensile stress@i€asing acceleration, as the driving pressure from the plasma

that exceed the tensile strength of the liquid, leading to vapofliminishes and is counteracted by the increasing surface ten-
bubble formation. The white arrows indicate the direction ofSion and viscous forces. Second, the collapse phase exhibits

energy flow, which is radially outward from the plasma cen-& much steeper slope than the expansion phase, indicating a
ter. The magnitude of these vectors corresponds to the loc8lOre rapid collapse process. This asymmetry between ex-

energy flux, which decreases with distance due to geometrieansion and collapse is a well-known feature of cavitation
spreading and dissipative effects. bubbles and has been extensively documented in the litera-

ture [10]. Figure 9 (bottom panel) presents the corresponding
bubble wall velocity evolution, which provides additional in-
sights into the bubble dynamics. The velocity profile shows
The cavitation bubble dynamics represents the intermediaté relatively low positive velocity (approximately 1 m/s) dur-
phase of the bioprinting process, linking the initial plasmaing the expansion phase, followed by a sharp negative spike

5.2.2. Spatial characteristics of shock wave propagation

5.3. Cavitation bubble dynamics

formation to the final jet formation and propagation. reaching—50 m/s at the moment of collapse. This dra-
matic acceleration during collapse is driven by the pressure
5.3.1. Bubble expansion and collapse differential between the bubble interior and the surround-

ing medium. The subsequent rebound phases exhibit pro-
Figure 8a) illustrates the temporal evolution of the bubble ragressively smaller velocity amplitudes, reflecting the energy
dius, showing a characteristic expansion phase followed byissipation through viscous effects and acoustic radiation.
collapse and subsequent rebounds. The velocity profile clearly delineates three distinct phases
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© Temporal Evolution of Bubble Radius and Wall Velocity w» Theoretical Temporal Evolution of Jet Height
—— Bubble Radius =0
--- Collapse Time
— wallvelocity | 59 Maximum Height: 46 ym

8

Bubble Radius (um)

3

0 10 20 30 40 50 60 70 80 90
a) Time (ps)

wporal Evolution of Jet Velocity

0
00 25 50 75 100 125 150 17.5 200
Time (us)

FIGURE 9. Temporal evolution of the bubble radius and wall ve-
locity. b)

Maximum Negative Velocity: -30.0 m/s

Time (ps)

. . . FIGURE 10. a) Temporal evolution of the jet height and b) velocity.
of bubble evolution: (1) the expansion phase characterized by

gradually decreasing positive velocity, (2) the collapse phase

marked by rapidly increasing negative velocity, and (3) thes 4. jet formation and propagation

rebound oscillations showing alternating positive and nega-

tive velocities with diminishing amplitudes. This pattern is The final phase of the bioprinting process involves the forma-

consistent with the theoretical predictions of the Ray|6igh-tion and propagation of a liquid jet, which is responsible for
Plesset equation and experimental observations by \etgel the precise deposition of bioink.

al. [3]. Figure 9 combines both the radius and velocity data in
a single graph, highlighting the inverse relationship betweer%
these parameters. At points of maximum radius, the veloc*

ity crosses zero, while at points of minimum radius (ConapS.eFigure 10 illustrates the temporal evolution of the jet height

points), the velocity magnitude reaches its maximum. Thi pper panel) and velocity (bottom panel), providing critical
phase relationship is characteristic of oscillatory systems ant sights into the dynamics of the bioprinting process.

provides a comprehensive view of the bubble dynamics. As shown in Fig. 10a), the jet formation exhibits dis-

The bubble dynamics exhibit a characteristic asymmetntinct phases: an initial ascent phase, followed by a retraction
due to the presence of the free surface. The proximity ophase, and finally small oscillations as the system returns to
the bubble to the bioink-air interface influences the collapsesquilibrium. Our model predicts a maximum jet height of ap-
phase, leading to a preferential collapse away from the inproximately 46u:m which is achieved at approximately 46
terface. This asymmetric collapse is a key factor in the jetafter the initial laser pulse. This value aligns well with exper-
formation process, as it directs the fluid flow toward the re-imental observations by Guillemet al. [1], who reported
ceiving substrate. The degree of asymmetry depends on thet heights between 30 and &@n for similar laser energies
dimensionless parameter = d/R..x, Where d is the dis- in their time-resolved imaging studies of laser-induced for-
tance from the bubble center to the free surface. In our simward transfer of cell-laden bioinks. The jet velocity profile
ulations,y ~ 1.2, which falls within the range where signif- [Fig. 10b)] reveals a complex temporal evolution character-
icant jet formation is expected according to the experimenized by an initial acceleration phase reaching a maximum ve-
tal work of Blake and Gibson [276. The temporal evolutionlocity of approximately 30 m/s, followed by a deceleration
of the bubble can be divided into several distinct stages: (1phase as the jet approaches its maximum height. At the point
initial rapid expansion driven by plasma pressure (O¢&2  of maximum height (4Qus), the velocity crosses zero, after
(2) primary collapse due to ambient pressure (4s2, (3)  which it becomes negative during the retraction phase, reach-
first rebound with approximately 70 of the original radius  ing a maximum negative velocity of approximately -30 m/s at
(4.2-8.5us), (4) secondary collapse (8.5), (5) second re- around 60us. The velocity profile then exhibits damped os-
bound with approximately 48 of the original radius (8.5- cillations as the system stabilizes. Figure 11 presents a com-
12.7us), and (6) tertiary collapse and subsequent smaller odined visualization of jet height and velocity, highlighting the
cillations (>12.7 us). This sequence of events is consistentphase relationship between these parameters. This represen-
with the experimental observations of Patrascieial. [2], tation clearly demonstrates that the maximum height coin-
who reported similar rebound patterns for laser-induced bubeides precisely with the zero-crossing of the velocity, con-
bles in viscous liquids patterns in their time-resolved studiedirming the physical consistency of our model. Furthermore,
of laser-induced bubbles. the maximum positive velocity occurs during the early accel-

.4.1. Temporal evolution of jet height and velocity
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® Temporal Evolution of et Helght and Yelocity pulses, although direct comparison should be cautious due

—— Jet Height

to different mechanisms. The subsequent transfer of energy
from the bubble to the jet is estimated to have an efficiency
(Mbubble-jey Of approximately 8%, leading to a final jet kinetic
energy of about 0.34J. This results in a low overall energy
conversion efficiency of approximately 6&rom the initial

laser pulse to the kinetic energy of the ejected bioink jet. This
highlights that a significant portion of the initial laser energy
is dissipated through various channels before contributing to
the desired material transfer. The energy conversion process
involves multiple complex steps, with substantial losses oc-
curring at each stage. The primary mechanisms responsible
for dissipating the remaining: 93% of the initial laser en-

FIGURE 11. Combined visualization of jet height and its velocity. €rgy include [25,27,28]:

Jet Height (um)
° Jet Velocity (m/s)

0 10 20 30 40 50
Time (us)

e Optical Losses: initial scattering and reflection of the
TheoreicaEnegy TrnstrnLser.Asssed Bioeinting Proces incident laser beam, as well as absorption and scatter-
ing within the plasma plume itself.

e Plasma Radiation: emission of electromagnetic radia-
tion (light) from the high-temperature plasma core.

Energy ()

e Thermal Conduction: heat transfer from the hot plasma
and the subsequent cavitation bubble into the surround-
ing bioink and substrate, leading to a temperature in-
crease in the medium.

e Shock Wave Energy: a significant fraction of the
plasma expansion energy is converted into a strong
shock wave propagating outwards from the focal vol-
ume. The energy carried by this shock wave is even-
tually dissipated acoustically and thermally within the
bioink [25]. Our simulations capture the initial shock
wave pressure (Fig. 6), but quantifying its total energy
dissipation requires further analysis.

FIGURE 12. Theoretical energy transfert.

eration phase (around 1), while the maximum negative
velocity occurs during the retraction phase (aroung.§p

The observed jet dynamics can be explained by the inter-
play of several forces: the initial momentum imparted by the
bubble collapse, surface tension forces that tend to retract the
jet, viscous forces that dampen the oscillations, and inertial
effects that determine the overall trajectory. The asymmetry
between the ascent and retraction phases, with the ascent tak-
ing approximately 4Q:s and the retraction approximately 30
us, reflects the complex non-linear nature of these interac-
tions.

e Viscous Dissipation: energy loss due to the bioink’s
viscosity during the rapid expansion and collapse of the
cavitation bubble, and during the formation and propa-
gation of the high-velocity jet.

_ N e Surface Energy: energy required to create the new sur-
5.5. Energy conversion efficiency face areas associated with the bubble and the jet.

Understanding the energy distribution throughout the LAB e Losses in Surrounding Gas: potential energy transfer
process is crucial for optimizing efficiency and controlling and dissipation mechanisms occurring in the gas phase
outcomes. Our model provides insights into the energy cas- above the bioink layer [27].
cade from the initial laser pulse to the final jet kinetics. Fig-
ure 12 shows the theoretical energy transfert according to our While precise quantification of each loss channel is chal-
model. lenging within the current model framework and would
Our model indicates that approximately B0of the  require dedicated energy balance tracking, this qualitative
plasma energy is converted into the mechanical energy of thiereakdown highlights the complexity of the energy pathways.
expanding cavitation bubble (approximately @.5. Consid-  Figure 13 quantitatively summarizes these energy conver-
ering the initial energy deposition phase (laser to plasmajsions, revealing a 7% overall efficiency from laser to jet ki-
this translates to an intermediate energy conversion efficienayetic energy, with dominant losses partitioned among shock
of about 1% from the initial laser pulse energy (&)). This  wave generation, thermal conduction and plasma radiation.
efficiency is comparable to the %3reported by Mohajaet  The schematic explicitly traces the cascade from the initial
al. [23] for plasma-free bubble cavitation using mid-IR laser5 p.J laser pulse to the final 0.34 jet energy through plasma

Rev. Mex. Fis71061502



10

Laser Biojet Energy Pathways

Laser Pulse Energy
5 pd (100%)

Optical Losses \(
Scattering/Reflection

F---> Shock Wave Energy |
L J

— (e R )
| Plasma Radiation 60% loss 4 Viscous Dissipation J
L M, )
( ) Plasma Energy S Syt sy A
: . : s Surface Energy
| Thermal Conduction 2 A )
. (40% of laser) H
'
! A GasPhase Losses |
S
76% loss L
Bubble Energy
0.48 pJ
(24% of plasma)
20% loss
Jet Kinetic Energy
0.34 p1J
(~ 80% of bubble)
Overall Efficiency: ~ 7%
Total Losses: ~ 93% (4.66 pJ)

FIGURE 13. Laser biojet energy pathways.

(2ud, 40% efficiency) and bubble (0.48, 24% efficiency)
intermediates.
Future modeling efforts could leverage this quantitative

A. ZERRADI, A. ABDELMALEK AND Z. BEDRANE

4.3 us), with deviations below %. However, we observed
that our model slightly underestimates the secondary oscil-
lation amplitude (by approximately ¥ compared to high-
speed imaging data from Patrascieiual. [2], likely due to

our simplified treatment of damping mechanisms.

For jet formation (discussed in detail in Sec. 5.4.1),
our predicted maximum height (46m) and initial velocity
(30 m/s) show good agreement with Guillerebtl. [1] mea-
surements (4&m, 28 m/s), though our model tends to pre-
dict faster jet retraction phases than experimentally observed
(by approximately 15-2%). These discrepancies likely stem
from our simplified treatment of bioink rheology during the
retraction phase, where strain history effects become signifi-
cant.

Additionally, our energy conversion efficiency predic-
tions (discussed in detail in Sec. 5.5) fA2Zom laser to bub-
ble) align with Vogelet al. [3] measurements (8-%2, but
the subsequent energy cascade to jet formation lacks direct
experimental validation, highlighting a key area for future ex-
perimental investigation.

framework to incorporate detailed energy tracking for semi-5.7. Comparative analysis of laser regimes

guantitative estimation of dissipation channels.

The relationship between bubble energy and maximu
radius follows the expected cubic scaling 4ER?), as pre-
dicted by the Rayleigh-Plesset equation [10]. This scalin
relationship provides a useful means of estimating bubble e
ergy from experimental measurements of bubble size, whic

is more readily observable than direct energy measurements
The energy contained in the bubble at maximum expansioﬂ

can be calculated as [10]:

3
max

+47R2 o

max =~ ?

(pv - poo) (20)

4
Evubble 3 R
wherep,, is the vapor pressure inside the bubhlg, is the
ambient pressure, andis the surface tension. For our sim-
ulation parameters, this yields a bubble energy of approx
mately 0.48uJ, which represents 976 of the initial laser
pulse energy (5:J). This value is in good agreement with
the experimental measurements of Vogehl. [3], who re-
ported energy conversion efficiencies betweéhahd 12%

for plasma-mediated bubble formation. The energy dissipa-

tion during bubble oscillations follows an exponential decay
pattern, with approximately 50 of the bubble energy lost
during each oscillation cycle. This decay rate is consisten
with the experimental findings of Patrasciatal. [2], who
observed similar energy dissipation.

5.6. Comparative analysis with experimental data

A detailed comparative analysis of our simulation results

against published experimental data reveals both strengths

and limitations of our model. For bubble dynamics (dis-

This temporal confinement results in:

his study focused on the femtosecond laser regime, chosen
or its potential advantages in minimizing thermal damage

gand achieving high precision [19-21]. However, hanosecond
rfe_md picosecond lasers are also widely used in LAB, with each
ﬁegime exhibiting distinct physical mechanisms that signifi-

antly influence the bioprinting process. Table Il presents a
ualitative comparison of these regimes across key physical
processes relevant to LAB.

The fundamental difference between these regimes lies

in the relationship between pulse duration and characteris-

tic timescales of energy transfer processes. In femtosecond

LAB, the pulse durations, ~ 600 fs) is significantly shorter

than both the electron-phonon coupling time_(,;, ~ 1-

10 ps) and thermal diffusion timer{, ~ 1-100 ns) [3,21].

e Energy Absorption Mechanisms: femtosecond pulses
primarily induce multiphoton ionization due to their
extreme peak intensities-(10'3 W/cm?), creating free
electrons through direct nonlinear absorption without
initial heating [25]. In contrast, nanosecond pulses
rely heavily on linear absorption followed by avalanche
ionization, where initial heating creates seed electrons
that subsequently absorb more energy through inverse
Bremsstrahlung [25]. Picosecond pulses represent an
intermediate case with mixed absorption mechanisms.
These fundamental differences affect energy deposi-
tion spatial profiles, with femtosecond pulses produc-
ing more deterministic, confined patterns compared
to the more statistical, diffuse patterns of nanosecond
pulses.

t

cussed in detail in Sec. 5.3.1), our predicted maximum radius

(45 m) and collapse time (4,2s) align well with Patrascioiu
et al [2] (43 um, 4.1 us) and Vogelet al. [3] (46 um,

e Plasma Formation and Evolution: the plasma formed

by femtosecond pulses is characterized by higher elec-
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tron densities ¥ 102° cm~3) confined to smaller vol- damage to cells, though mechanical stress from shock
umes, with minimal plasma shielding effects since the waves remains a concern [1]. Nanosecond LAB offers
pulse terminates before significant plasma expansion operational simplicity and potentially higher through-
[7]. Nanosecond plasmas evolve during the pulse dura- put but with lower resolution~50-100m) and in-
tion, leading to significant plasma shielding, where the creased thermal effects [18]. Picosecond LAB repre-
leading edge of the pulse creates a plasma that absorbs  sents a middle ground in terms of resolution and cell
or reflects the trailing portion [9]. This dynamic inter- viability outcomes.

action between the pulse and evolving plasma funda-

mentally alters energy coupling efficiency and spatial ~ The quantitgtive conclusio_ns drawn fror_n_our femtosec-
distribution. ond model, particularly regarding energy efficiency and ther-

mal loading, are therefore not directly transferable to other
Thermal Effects and Heat Affected Zone: The thermalpulse durations. For instance, our predicted energy conver-
confinement of femtosecond pulses results in minimakion efficiency from laser to bubble (% would likely be
heat-affected zones-(0.1-1.:m), as energy deposition lower in nanosecond regimes due to increased energy dissi-
occurs faster than thermal diffusion [3]. In nanosecondpation through thermal diffusion and plasma shielding. Simi-
LAB, thermal diffusion occurs concurrently with en- larly, the jet velocity and printing resolution would differ sub-
ergy deposition, creating extensive heat-affected zonestantially across regimes due to the fundamental differences
(~ 10-100um) that can compromise bioink integrity in bubble dynamics and initial pressure distributions.
and cell viability [22]. This difference is particularly
critical when printing temperature-sensitive biomateri-

als or viable cells. 6. Model limitations

Bubble Dynamics: the initial conditions of cav- While the presented multiphysics model provides valuable
itation bubbles differ significantly across regimes. insights into the fundamental mechanisms of LAB, it is es-
Femtosecond-induced bubbles typically start with Sential to acknowledge its limitations and discuss the implica-

higher internal pressures but smaller volumes, Ieadiné'ons for interpreting the results and guiding future research.

to faster collapse times and potentially higher-velocity
jets [2]. Nanosecond-induced bubbles generally havé-1. Model validation
larger initial volumes but lower pressures, resulting in
slower dynamics [18]. These differences directly im-
pact printing resolution, as smaller, more controlled
bubbles typically produce more precise material trans
fer.

Our current validation relies on comparing simulation results
with experimental data reported in the literature [1-3,19].
While this approach demonstrates the model’s capability to
reproduce key observations and orders of magnitude (e.g.,
bubble size, jet velocity withc10% deviation), the absence
Jet formation: exhibits fundamental differences acros®f direct experimental validation against a dedicated bench-
pulse durations, as quantified in Table II. In the mark dataset represents a limitation. Variability in experi-
nanosecond regime, strong thermal conduction andnental conditions across different studies introduces uncer-

diffuse plasma formation lead to slow (1-10 m/s), tainties when comparing results. Future work should ideally
viscous-dominated jets that propagate diffusively, condnvolve specific experiments with synchronized high-speed
sistent with the large heat-affected zones (10-409  imaging of bubble and jet dynamics under precisely con-
[40,41]. Picosecond pulses generate moderately fadtolled laser and bioink conditione g, defined viscosity,
jets (10-50 m/s) with improved directionality, correlat- cell concentration) to allow for a more rigorous quantitative
ing with their intermediate plasma confinement and re-validation. To address these validation limitations, we pro-
duced thermal effects (1-10m Heat Affected Zone) POse a comprehensive future validation framework involv-
[38,39]. The femtosecond regime produces exceptionind synchronized multi-modal measurements under precisely
ally fast (> 100 m/s), highly directional jets due to con- controlled conditions. Ideally, this would include: (1) Ultra-
fined plasma formationx 10'3 W/cm?) and negligi- high-speed imagingx1 million fps) with synchronized pres-
ble thermal diffusion (0.1-um Heat Affected Zone) Sure sensors to simultaneously capture bubble dynamics, jet
[36,41]. These jet properties directly determine theformation, and pressure wave propagation; (2) Controlled ex-
bioprinting resolutions shown in our comparison: 50- Periments with standardized bioinks of varying rheological
100 pm for ns, 10-50um for ps, and 1-1Qum for fs  Properties (viscosity, elasticity, shear-thinning behavior) and
regimes [38,40,41]. precisely characterized optical properties; (3) Systematic pa-
rameter variation studies (laser energy, pulse duration, focus-
Bioprinting Outcomes: the cumulative effect of theseing conditions, bioink layer thickness) with quantitative mea-
regime-dependent mechanisms manifests in printingurements of energy partitioning throughout the process; and
outcomes. Femtosecond LAB typically achieves(4) Cell-laden bioink experiments with post-printing viabil-
higher resolution £1-10 pm) with minimal thermal ity assessments correlated to measured physical parameters.
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Such a validation framework would provide the comprehen-a framework to investigate how process parameters influence
sive benchmark dataset needed for rigorous model validatiothese potentially detrimental effects, guiding the optimization
and refinement, particularly for the complex energy cascadef laser parameters and bioink formulation [42] for specific

and biological impact predictions. applications like skin or corneal tissue engineering, or the
development of complex in vitro disease models [43]. Fu-
6.2. Physical realism ture work should focus on coupling the physical model with

o ) biological response models to predict cell viability and func-
The model employs simplifying assumptions, notably 2D aX+jonality post-printing.

ial symmetry and bioink homogeneity. While necessary for

computational tractability, these assumptions limit the direct

applicability to real-world bioprinting scenarios. Bioinks are 7. Conclusion
often heterogeneous, containing cells, microcarriers, or vary-

ing polymer concentrgtions, which can si_gnifi_cantly influence.l_hiS study presents a comprehensive multiphysics model of
laser energy absorption, bubble dynamics, jet rheology, anf<1aiser-assisted bioprinting that integrates the complex phys-

ultimately printing fidelity [42,43]. Local variations in vis.—. ical phenomena occurring across multiple time and length
cosity or the presence of cells can affect energy deF’Os't'ogcales. By combining models of laser-matter interaction

patterns and introduce asymmetries not captured by the Cup[)'lasma formation, cavitation bubble dynamics, and fluid me-
rent model. Furthermore, hydrodynamic instabilities or slight ' '

tries in th . tal set lead to 3D off tchanics within a unified computational framework, we have
asymmetries in In€ experimental seip can lead to 5L etlec %i‘eveloped a powerful tool for investigating the fundamental
particularly during jet breakup or droplet formation, which

: : . . mechanisms governing the LAB process. Our model success-
are inherently neglected in our 2D axisymmetric framework

. . . fully captures the key physical processes involved in LAB,
Future developments should aim towards full 3D S|mulat|onsfrom the initial femtosecond laser pulse absorption to the
and incorporate more sophisticated bioink descriptions, po-

tentiallv using multi-scale or two-phase fluid models that ex millisecond-scale jet evolution. The simulation results re-
ntiatly 9 P veal the complex energy transfer cascade throughout the pro-
plicitly account for cellular components and local hetero-

2. cess, with approximately 40 of the laser energy converted
geneities [42]. to plasma energy, 30 of plasma energy transferred to me-
chanical bubble energy, and%®f bubble energy ultimately
contributing to jet kinetics. This energy partitioning explains

Certain complex phenomena are currently neglected or sinfl€ refatively low overall energy efficiency of the LAB pro-
plified. Plasma shielding effects, where the generated plasnf£SS (approximately’7 from initial laser pulse to jet kinetic
absorbs or reflects subsequent parts of the laser pulse, coli#ergy) and highlights opportunities for process improve-
become significant at higher fluences and influence the tolent. The model accurately predicts several critical process
tal energy deposited. Nonlinear acoustic wave propagatioﬁharacterlstlcs.that have been e>.<per|mentally ob_s.erved. The
and potential shock wave interactions are simplified. Detailed?!@sma formation phase results in electron densities exceed-
cell-fluid interactions, including cell deformation under shear"d 10" cm~* and temperatures reaching 5000 K, consistent
stress within the jet, are not explicitly modeled. Additionally, With previous studies of laser-induced breakdown in aqueous
potential photochemical reactions induced by the plasma di€dia. The bubble dynamics simulation yields a maximum
UV radiation generated during the process are not accountdgfPble radius of 4%:m and collapse time of 4.2s, in ex-
for, which could have implications for cell viability and long- cellent. agreement Wth_ eXperlmgntaI measurements. The jet
term bioink stability. Incorporating these aspects represent@rmation phase exhibits a maximum height of 4@ and

6.3. Other physical phenomena

important avenues for future model refinement. initial velocity of 30 m/s, with distinct acceleration, deceler-
ation, and retraction phases that match experimental obser-
6.4. Biological implications and applications vations. Validation against experimental data demonstrates

the model’s ability to predict jet characteristics with less than
While this study focuses on the underlying physics, the ul-10% deviation across a range of operating conditions. This
timate goal of LAB is biological application. The physi- level of accuracy confirms the model’s utility as a predictive
cal phenomena modeled here have direct biological conséeol for understanding and controlling the LAB process. The
guences. The high pressures (up to 100 MPa) associated withodel's ability to provide detailed spatiotemporal informa-
shock waves and the high shear rates within the acceleration about otherwise inaccessible parameters, such as tem-
ing jet can potentially damage cells or affect their phenotypeperature distributions, pressure fields, and shear stress pro-
[44]. Understanding the distribution of these stresses, as prdiles, offers valuable insights that complement experimen-
vided by the model, is crucial for defining safe operating win-tal investigations. The multiphysics approach employed in
dows. Furthermore, the interaction between the laser/plasmthis study represents a significant advancement over previ-
and the bioink components could lead to material degradationus modeling efforts that typically addressed only isolated
or modification, affecting the structural integrity and biologi- aspects of the LAB process. By integrating all key physical
cal function of the printed construct [45]. Our model providesphenomena within a unified framework, our model provides
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a more comprehensive understanding of the process dynarm future work. These include simplifications in the mate-
ics and their inter-dependencies. The use of adaptive mesfial models, limited treatment of thermal effects on biological
refinement techniques enables efficient resolution of the muleomponents, and computational constraints that necessitate
tiscale nature of the process, from nanometer-scale plasne@rtain approximations. Addressing these limitations and ex-
formation to millimeter-scale jet propagation. Beyond thetending the model to incorporate cellular-scale effects, mul-
fundamental physical insights, the multiphysics model prediple droplet interactions, and crosslinking kinetics represent
sented herein offers direct implications for critical biological promising directions for future research. In conclusion, this
considerations in LAB, particularly cell viability and deposi- work provides fundamental insights into the physical mech-
tion precision. The localized and transient nature of plasmanisms governing laser-assisted bioprinting and establishes a
formation and cavitation bubble dynamics, accurately capeomputational framework for understanding the process dy-
tured by our femtosecond laser model, inherently minimizesiamics. The knowledge gained from this study contributes to
the thermal dose experienced by encapsulated cells, a kefye scientific foundation needed for advancing high-precision
factor in preserving their viability. Furthermore, the modeltissue engineering applications. By elucidating the complex
provides a quantitative framework to assess the mechanicatlationships between process parameters and printing out-
stresses, such as shear rates and pressure gradients, exec@uies, our model offers a physics-based approach to under-
on cells during jet formation and droplet deposition. Under-standing and controlling the LAB process, ultimately sup-
standing these forces is paramount for optimizing laser paporting the development of more sophisticated bioprinting
rameters and bioink rheological properties to ensure high cetechnologies for regenerative medicine and drug discovery
viability post-printing. Concurrently, the precise simulation applications.

of jet dynamics, including its trajectory, velocity, and droplet

formation, directly informs strategies for achieving high de-

position accuracy. This precision is crucial for fabricating Acknowledgments
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